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Synthesis of polydopamine at the femtoliter scale and 
confined fabrication of Ag nanoparticles on surfaces   
M. Guardingo,
a
 M. J. Esplandiu
a
 and D. Ruiz-Molina
a,* 
Nanoscale polydopamine motives are fabricated on surfaces 
by deposition of precursor femtolitre droplets with an AFM 
tip and used as confined reactors to fabricate Ag 
nanoparticles patterns by in-situ reduction of an Ag+ salt.  
The controlled engineering of functional nanoarchitectures on 
surfaces is a challenging area of growing interest and technological 
relevance in chemistry and materials science.1,2 However, its full 
expansion is limited by the substrate specificity of most known 
methods.3,4 In this context, polydopamine (PDA) emerges as a 
virtually universal and multifunctional coating inspired by the 
adhesive proteins found in mussels. Since first reported by 
Messersmith and co-workers in 2007,5 the number of publications 
exploiting the versatility of polydopamine and other structurally 
related materials has been growing steadily.6,7 So far, PDA has been 
micro/nano-structured by photolithography,8 microfluidics9 colloidal 
lithography10 and microcontact printing11 in a variety of substrates 
and further proved to retain its properties by creating cell, protein or 
metallic nanoparticle patterns. However, the use of direct-writing 
nanolithogaphies that avoid the use of stamps and masks and do not 
require any modification of the substrates12  has not been reported to 
date.  Herein we describe the use of AFM tip to directly deliver 
femtolitre droplets of a mildly basic dopamine hydrochloride 
solution onto specific regions of a surface. Each droplet acts as a 
reactor vessel confined at the nanoscale, where the polymerization 
takes place.13 Following this approach we have successfully 
fabricated PDA nanoarrays on Si/SiO2 substrates and tested the 
interfacial properties of the deposited material by means of 
force/distance curves. The results show that the nanostructures retain 
the chemical properties of PDA with improved adhesive character.  
Moreover, the same arrays were successfully used for the fabrication 
of Ag nanoparticles by in-situ reduction of a silver salt and their 
conductive properties studied upon insertion of gold electrodes by 
conventional electron beam lithography. The whole process is 
schematically depicted in Figure 1.  
Our first efforts were directed to fabricate bulk PDA coatings on Si 
wafers following a methodology previously described.5 In a typical 
experiment, clean Si (bearing a native layer of SiO2, from here on 
Si/SiO2) substrates were immersed in a solution of dopamine 
hydrochloride in 10 mM Tris-HCl buffer (2mg/mL, pH 8.59) and 
kept in vertical orientation while stirring for a given time (1h or 
overnight). The substrates were then rinsed with copious amounts of 
Milli-Q water and dried under a N2 stream. Examination of the as-
prepared coatings by tapping mode AFM revealed a rough 
topography and coating thickness of around 10 nm for the sample 
functionalised for 1h and 35 nm when it was kept in the PDA 
solution overnight (see Figure 2). Concurrently, the structuration of 
PDA on surface was achieved by direct-write AFM lithography. In a 
typical experiment, a basic solution of dopamine hydrochloride in 
Tris-HCl buffer was obtained and immediately used to coat an AFM 
tip. 
 
 
Fig. 1 Schematic representation of the fabrication of polydopamine at the 
femtolitre scale. A basic solution of dopamine is deposited on a surface 
through an AFM tip while polymerizing. Afterwards, the interfacial 
properties (adhesion and redox activity) of the deposited material are tested. 
The coated tip was then brought into contact with the surface and 
drops of controlled size were deposited to create PDA dot-like 
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feature arrays. To avoid fast evaporation of the dopamine solution, 
the ambient humidity during the lithographic process was maintained 
at ~70% and the substrates were kept under these conditions for 
approximately 2h (for more experimental details see Supporting 
Information, S1). The obtained structures were characterized by 
optical microscopy and tapping mode AFM, revealing structures that 
were reproducible and uniform in size (Figure 2 and Supporting 
Information, S2-S4). The height profile analysis of the dot-like 
features reveals that the structures had an average diameter around 1 
µm and a typical height of 20 nm. Further control over parameters 
such as the ink loading of the tip or tip-substrate contact time 
allowed us to adjust the dimensions of the motifs and obtain dot-like 
features with diameters as small as 500 nm (See Supporting 
Information, S3). The deposition process could also be repeated 
several times to create patterns over extended areas. Switching the 
writing mode from static to dynamic also allowed us to obtain, not 
only dot arrays, but also lines and more complex shapes with 
reduced heights (See Supporting Information, S4). 
Once the arrays were fabricated, an AFM tip was used to study the 
adhesive properties of the motifs by means of Force-distance (F-d) 
curves. This technique has already been successfully used to give 
new insights on the adhesive properties of catechols by means of 
single-molecule mechanics14 and more recently by ourselves on a 
self-assembled monolayer of outward-facing catechol moieties.15 
The jump-out of the tip that occurs when it is retracted from the 
surface is directly related to the adhesion or, more precisely, the 
interaction of the tip with the substrate. For this, force-distance 
curves were recorded both inside and outside of the dots. The exact 
location of the dot-like features was determined by previously 
scanning the surface. To avoid tip contamination during this process 
the cantilever deflection was kept as low as possible and the contact 
time of the tip with the surface was minimized. F-d curves on the 
PDA dot-like features performed on a variety of lithographies 
exhibit a low dispersion of values with an average force of 16 nN 
(see Figure 2), independently of the feature dimensions. This 
average value is slightly higher than that obtained for the thin PDA 
coating (10 nm) with an adhesion force clearly centred at 11 nN. The 
results obtained for the thicker coating (35 nm) presented a high 
statistical dispersion whereupon a clear adhesion force value could 
not be extracted (see Figure 2). This fact can be tentatively attributed 
to the diminished homogeneity of the thicker coating, which 
becomes then more deformable and softer with a larger tendency to 
retain water.16,17 
The ability of PDA nanoarrays to in-situ reduce Ag+ ions to metallic 
Ag was also checked. Before that, and following previous 
approaches, model bulk Si/SiO2 substrates were coated with PDA 
overnight and then rinsed with water and dried in a N2 stream.
 18,19 
Afterwards they were immersed in a AgNO3 solution (50 mM in 
Milli-Q water) without stirring for 24h and rinsed with copious 
amounts of water. Examination of the samples by FE-SEM showed 
the formation of a considerable amount of Ag particles on the 
polymeric coating (See Supporting Information, S5). According to 
Ball et al. reduction of Ag+ is not due to 5,6-dihydroxyindole, one of 
the main component of PDA, 20 but rather to the presence of free 
dopamine in the polymer, as recently confirmed by Lee et 
al.21However, reproduction of the same experimental conditions on 
the PDA nanoarrays resulted in the loss of the motifs (See 
Supporting Information, S6). 
Fig. 2 AFM tapping mode images (left), profiles corresponding to dashed lines in images (centre) and histograms generated from F-d curves 
(right). For the PDA coatings, a scratch was intentionally made on the polymer in order to measure their thickness. A representative F-d 
curve of each system is presented as an inset in the histograms. 
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This limitation was finally overcome by decreasing the incubation 
time. Therefore, successful reduction of Ag+ on specific locations 
was achieved by immersing a PDA-patterned substrate in a 10 mM 
solution of AgNO3 and heating it in an oven at 60ºC for 1h.
22 Figure 
3C shows HR-SEM images of a dot array in which each one of the 
features contains a number of silver particles while maintaining the 
order and lateral resolution of the dot-like structures generated by 
AFM lithography. The silver particles are clearly observed in Figure 
3D. Formation of Ag on the deposited material was confirmed by 
EDX analysis (See Supporting Information, S7).  
The rather continuous and highly homogeneous metallic layer 
obtained in the larger dots allowed us to measure the electrical 
resistivity of the islands by a 2-point conductivity method. For this, 
conventional electron beam lithography and lift-off methods were 
used to deposit two small titanium/gold electrodes on top of the 
silver/PDA structures. The gap between these two small electrodes 
was about 10 μm. These small electrodes were connected to big gold 
pads on which the two point contact methodology was performed. 
Experimental results showed conductivity as low as 2.2e-3 ohm.m at 
room temperature (See Supporting Information, S8).  
In summary, AFM-assisted lithography is a suitable technique to 
accurately deposit the archetypal PDA on surfaces in the shape of 
femtolitre sized droplets without any previous functionalization, 
while controlling the deposited volume and the exact location. 
Interestingly the PDA motives proved to retain the chemical 
reactivity and adhesive behaviour, opening new venues to the 
manufacture of nanoscale devices by green synthesis approaches 
based on PDA. As a proof-of-concept, the fabrication of Ag 
nanoparticles by in-situ reduction of a silver salt is reported.  
 
 
Fig. 3 (A) AFM image of a PDA dot array as-deposited. (B) Height profile 
corresponding to the line in panel A. (D) AFM image of a PDA dor array 
after the in-situ reduction of Ag. (E) Height profile corresponding to the line 
in panel D. (C, F) SEM images of the PDA motifs after the in-situ reduction 
of Ag. 
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